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SUMMARY 

For i n i t i a l  s tagnat ion pressures f rom 1 t o  1,000 a t m  and s tagnat ion 
enthalpies  from 400 t o  20,000 Btu/lb, nozzle-flow proper t ies  f o r  equilibrium 
carbon dioxide have been computed and p lo t ted  on cha r t s .  Proper t ies  charted 
as a function of Mach number are a s  follows: temperature, pressure,  densi ty ,  
speed, a rea  r a t i o ,  dynamic pressure,  stagnation-point pressure coe f f i c i en t ,  
Reynolds number, i sen t ropic  exponent, and molecular weight r a t i o .  Tempera- 
t u r e s ,  pressures ,  and d e n s i t i e s  across  normal shock waves a r e  a l s o  charted,  
and weight-flow r a t e  i s  p lo t t ed  as a function of s tagnat ion enthalpy. 

a 

INTRODUCTION 

Recently there  has been much i n t e r e s t  i n  t h e  problems associated with 
f l i g h t  t o  and within the  atmospheres of Mars and Venus and r e tu rn  t o  Earth.  
Since t h e  atmospheres of these planets  a r e  believed t o  be mostly carbon 
dioxide and ni t rogen (e .g . ,  r e f .  1) , experiments i n  hypervelocity tunnels  w i t h  
these  gases and with a i r  may y ie ld  important comparative information. 
Although some recent  estimates ind ica te  t h a t  t h e  carbon dioxide content i n  
the  Venusian atmosphere may be only 20 mole percent ( r e f .  2 )  or even as low 
as 6 percent or l e s s  ( r e f .  3 ) ,  other  estimates have indicated an atmosphere 
of almost a l l  carbon dioxide ( e . g . ,  r e f s .  4 and 5 ) .  
able  uncertainty concerning the  Martian atmosphere. Hence, u n t i l  t h e  chemical 
compositions of t he  atmospheres of  these planets are bet ter  es tab l i shed ,  pre- 
l iminary tes ts  with both carbon dioxide and nitrogen alone and i n  severa l  
combinations a r e  being considered. I n  order t o  def ine the  conditions f o r  
t e s t s  i n  hypervelocity nozzles with these  gases, various flow proper t ies  m u s t  
be determined. In t h e  present invest igat ion equilibrium flow proper t ies  f o r  
carbon dioxide i n  hypervelocity nozzles have been computed. 

There i s  a l s o  consider- 

It i s  t h e  purpose of t h i s  repor t  t o  p r e s e n t b a r t s  of  t he  computed 
nozzle-flow proper t ies  of carbon dioxide similar t o  those presented f o r  a i r  
i n  reference 6 .  
pressures  from 1 t o  1,000 a t m  and stagnation en tha lp ies  from 400 t o  20,000 
Btu/lb.  
temperature, pressure,  densi ty ,  speed, area r a t i o ,  dynamic pressure,  
stagnation-point pressure coef f ic ien t ,  Reynolds number, i sen t ropic  exponent, 
and molecular weight r a t i o .  
normal shock waves a re  a l s o  included. Weight-flow r a t e  i s  p lo t t ed  as a 
funct ion of s tagnat ion enthalpy. 

The char t s  f o r  carbon dioxide a r e  f o r  a range of s tagnat ion 

Proper t ies  charted as a function of Mach number are as follows: 

Temperatures, pressures,  and d e n s i t i e s  across 

Because i n  an ac tua l  nozzle t h e  flow w i l l  



probably not be close t o  equilibrium for high stagnation enthalpies  and low 
stagnation pressures,  care should be exercised i n  the  appl icat ion of these 
charts .  

NOTATION AND CONSTANTS 
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nozzle cross-sectional a rea ,  f t 2  

isentropic  speed of sound, f t / s e c  

P t 2  - p 1  
q l  

enthalpy (h = 0 f o r  molecular gas a t  0' R ) ,  Btu/lb 

enthalpy, dimensionless 

c h a r a c t e r i s t i c  length,  f t  

Mach number 

molecular weight of mixture, lb/mole 

molecular weight of  undissociated gas,  44.011 lb/mole f o r  C 0 2  

pressure,  a t m  unless specif ied 
'\ 

dynamic pressure ($ pu2) , l b / f t 2  

0 universal  gas constant: 1.987 cal/mole K; 8.3144 J/mole OK; 
ft3-atm 
mole -OR 

1.987 Btu/mole OR; 1345 ft-lb or 0.7302 mole-OR ' 
UPL Reynolds number, - 

22.20 Btu/lb for C02 

P 

entropy, Btu/( i n i t i a l  mole) ( O R )  

entropy, dimensionless 

temperature, OR or OK as spec i f ied  

reference temperature, 492O R = 273' K 

speed, f t / s e c  

weight-flow r a t e ,  lb/sec 

molecular weight r a t i o ,  q,/m 
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Y e ::: :Is i sen t ropic  exponent, 

CL coe f f i c i en t  of  v i scos i ty ,  lb-sec/f t2  

P densi ty ,  s lugs/f t3  

reference densi ty ,  0.00384 s lug/ f t3  fo r  CO, 
PO 

( ) *  sonic point 

Subs c r  i p  t s 

C condensat ion 

0 reference condition 

t reservoi r  or t o t a l  condition 

1 conditions i n  f ron t  of normal shock wave 

2 conditions behind normal shock wave 

Conversion From Units In  This Report To SI  Units' 

To convert f r o m  
Physical quant i ty  repor t  un i t s  Multiply by 

Area 
Density 
Dynamic pressure 
Enthalpy 
Length 
Speed 
Temperature 
Viscosi ty  coe f f i c i en t  
Weight-flow r a t e  

f t 2  

l b / f t 2  
slugs / f t3 

Btu/lb 
f t  

f t / s e c  

lb-sec/ft2 
lb/sec 

O R  

g .290x10-~ 
5 .154X1O2 

2 .  324x103 
0.3048 
0.3048 

47.88 

5/9 
47.88 
0.4536 

To obtain 
SI  u n i t s  

W m 3  
N/m2 

THEXMODYNAMIC PROPERTIES AND VAPOR PREXWRES 

The thermodynamic propert ies  of  carbon dioxide which were used f o r  t h e  
present study were computed by H .  E .  Bailey of Ames Research Center. H i s  
r e s u l t s  ( r e f .  7 )  a r e  recorded on magnetic tape f o r  use i n  nozzle and body 
flow-field ca lcu la t ions  with an IBM 7094/7040 d i r e c t  couple system. 
cover a temperature range of 1000 t o  25,0000 K, a dens i ty  range of 10-7 t o  
lo3 times e a r t h  sea- level  densi ty ,  and a pressure range of about 10-7 t o  
lo5 a t m .  
references 8 and 9. 

The da ta  

There i s  very close agreement between the Bailey da ta  and those of  
The reader should be cautioned, however, t h a t  because of 

1 
The "SI system'' ( In te rna t iona l  System of Units, NASA TT F-200). 
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a difference i n  choice of enthalpy reference datum, the  value of h/RTo= 173.1 
should be added t o  the  enthalpy r e s u l t s  i n  reference 9 t o  make them compatible 
with those of reference 8 and Bailey ( ref .  7 ) .  

Because it i s  important t o  avoid condensation conditions when t e s t i n g  

For ready reference vapor pressures as a function of  

The vapor-pressure da ta  f o r  carbon dioxide,  oxygen, 

models i n  a nozzle flow, a graph of vapor pressure as a function of tempera- 
ture is  very usefu l .  
temperature f o r  carbon dioxide a r e  compared with those f o r  a i r ,  oxygen, and 
nitrogen i n  f igure 1. 
and nitrogen were obtained from references 8, 10, and 11. 
f o r  a i r  were estimated by assuming a per fec t  l i q u i d  o r  s o l i d  solut ion of 
oxygen and nitrogen i n  equilibrium with a 20-percent oxygen, 80-percent 
nitrogen vapor. 

The vapor pressures 

CALCULATION OF NOZZL€Z-FLOW AND SHOCK PROPEXTLES 

The nozzle-flow propert ies  as a function of Mach number were desired f o r  
use i n  wind-tunnel t e s t i n g .  For convenience i n  the  computational procedure, 
however, t h e  flow propert ies  were computed as a function of t h e  r a t i o  of 
s t a t i c  t o  stagnation pressure,  with the corresponding Mach number being 
computed. Stagnation conditions pt and h t  a t  t h e  reservoir  were specif ied 
f o r  each case considered. To compute t h e  a rea  r a t i o ,  Mach number, and 
Reynolds number, t h e  dens i ty  w a s  determined from t h e  thermal equation of s t a t e  

For p in  slugs/ft3, p i n  a t m ,  and T i n  OR,  

where 

P = P t ( P / P t )  

An isentropic  expansion of the gas from t h e  reservoi r  t o  downstream s t a t i o n s  
i n  the  nozzle w a s  assumed, and the molecular weight r a t i o  Z, the  temperature 
T, and the enthalpy were determined from t h e  thermodynamic 
propert ies .  The speed w a s  then computed from t h e  energy r e l a t i o n  

h = (h/RTo)RTo 

u = 2 2 3 . 6 J n  ( 3 )  

The area r a t i o  was calculated from the cont inui ty  equation 

A/A* = P*u*/~u (4) 

where the weight-flow r a t e  a t  t h e  t h r o a t  (w/A* = p*u*) w a s  determined as the  
maximum value of pu from a p l o t  of pu vs p/pt f o r  given stagnation con- 
d i t i o n s  p t  and h t .  
of weight-flow r a t e  through the  throa t  i s  given i n  r e f .  1 2 . )  

(An a l t e r n a t e  method which gives near ly  i d e n t i c a l  values 
The Mach number 
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w a s  computed from 

For T i n  OR, the  speed of sound a i n  f t / s ec  w a s  given by 

where t h e  i sen t ropic  exponent y w a s  determined from 

S 

Y = (*J 
The Reynolds number parameter w a s  calculated from 

(7) 

The e f f e c t s  of d i ssoc ia t ion  and ionizat ion on IJ. were disregarded, and values 
of p were computed by (see r e f .  13)  

for T i n  OR. 

An i t e r a t i v e  procedure w a s  used t o  obtain equilibrium temperature r a t i o s ,  
pressure r a t i o s ,  and dens i ty  r a t i o s  across  a normal shock wave. 
Mach number M1 
w a s  assumed, and the  pressure behind the  shock w a s  calculated from the  
expression 

With the  
i n  f ron t  of  t he  shock specif ied,  the  dens i ty  r a t i o ,  p2/p1, 

which r e su l t ed  from combining the  momentum and cont inui ty  equations.  
pressure i n  atmospheres 

For t he  

The l o c a l  enthalpy behind the  shock, h2, was determined by the  energy equation 

h2 = h i  f ($ u12) - ($ UZ') 
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For h2 i n  Btu/lb 

h2 = h l  + 
50,060 

With p2 and h2 known, T2 and Z2 were obtained from the  thermodynamic 
propert ies .  The densi ty  behind t h e  normal shock, p2, w a s  then computed from 
equation (l), and p2/p1 
repeated u n t i l  t he  assumed and computed values of p2/p1 were i n  agreement. 
The stagnation pressure and temperature behind the  normal shock were then 
determined from the  thermodynamic proper t ies  with an i sen t ropic  compression 
assumed from p2 t o  p , corresponding t o  an enthalpy change from h2 t o  

w a s  compared t o  the  assumed value.  This process w a s  

t 2  ht, = ht,. 

For use i n  computing forces  and moments f o r  entry-type capsules by 
modified Newtonian theory,  the  stagnation-point pressure coef f ic ien t  
w a s  determined by combining equation (10) and t h e  Bernoulli  equation fo r  
incompressible flow t o  give 

Cpstag 

RESULTS 

The procedure out l ined i n  the  previous sec t ion  w a s  used t o  compute nozzle 

The i n i t i a l  stagnation pressures f o r  the  calculat ions were 1, 10, 

All calculat ions were made on an IBM 7094/7040 system with the  

propert ies  f o r  equilibrium f l o w  f o r  var ious i n i t i a l  stagnation pressures  and 
enthalpies .  
100, and1,000atm, and the  i n i t i a l  s tagnat ion enthalpies  ranged from 400 t o  
20,000 Btu/lb. 
thermodynamic propert ies  recorded i n  tabular  form on magnetic tape .  
nozzle-flow propert ies  determined were temperature, pressure,  dens i ty ,  speed, 
area r a t i o ,  Mach number, dynamic pressure,  stagnation-point pressure coef f i -  
c i e n t ,  Reynolds number, isentropic  exponent, molecular weight rat i o ,  and 
weight-flow r a t e .  
waves were a l s o  determined. 

The 

Temperatures, pressures ,  and dens i t i e s  across  normal shock 

Except f o r  weight-flow rate which w a s  p lo t t ed  as a function of s tagnat ion 
enthalpy, a l l  propert ies  were p lo t t ed  as a function of Mach number and a r e  
presented on char t s  which are indexed on page 13. 
charac te r i s t ics  with the  machine program input values of were 
used. A s  a result t h e  determined values of h t  var ied as much as k30 Btu/lb 
from those des i red .  The specif ied values of h t  on each char t  have been 
rounded o f f  t o  the  nearest  100 Btu/lb . 
around bodies, t he  l o c a l  isentropic  exponent y w a s  p lo t t ed  as a function of 
enthalpy (chart  1 4 )  as w e l l  as Mach number (char t  13). 
l i n e  f o r  C 0 2  i n  f igure  1 (p .  9) w a s  used t o  obtain the  p l o t  of s tagnat ion 
enthalpy a t  condensation 
of t h i s  repor t  have not been terminated according t o  the  condensation l e v e l s  
indicated in  char t  17, because these sa tura ted  l e v e l s  obviously represent  the  
upper enthalpy l i m i t s  f o r  condensation. 

In  t h e  ca lcu la t ion  of the  
pt and (S/R)t 

For convenience i n  studies of flows 

The saturated vapor 

h tc  vs  M (char t  17). The curves on t h e  other  char t s  

Testing a t  lower t o t a l  en tha lp ies  may 
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be permissible f o r  c e r t a i n  appl ica t ions .  
symbols a r e  used on most of t he  cha r t s  o n l y t o  i d e n t i f y  curves, not t o  indicate 
t h e  many poin ts  computed f o r  each curve. 

The reader should observe t h a t  

Note t h a t  t h e  p l o t  of w/ptA* vs h t  i n  char t  16 is  extremely usefu l  f o r  
determining t h e  s tagnat ion enthalpy h t  f o r  a nozzle f l o w ,  s ince measurements 
o f  w, pt, and A* can be r ead i ly  obtained. In reference 12 similar p l o t s  a r e  
given f o r  various gases .  

7 
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INDEX TO CHARTS FOR COZ-FLOW PROPEETIES 

r Ordinate Ab s c i s sa Chart 
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T t 2  

Temp e r atur e 
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Dens it y 

M a U Speed 
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pressure 

coef f ic ien t  

Reynolds no. 

I se n t  r op i c  
exponent 

%stag  
M 11 58 
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M Z Molecular 
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flow ht 70 
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M 17 71 
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Chart 8.- Variation of speed with Mach number. 
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(b) pt = 10 a t m  

Chart 8.- Continued. 
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